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We report an observation of magnetooscillations of the microwave power transmitted through the
high mobility two-dimensional electron system hosted by a GaAs quantum well. The oscillations
reflect an enhanced absorption of radiation at high harmonics of the cyclotron resonance and follow
simultaneously measured microwave-induced resistance oscillations (MIRO) in the dc transport.
While the relative amplitude (up to 1%) of the transmittance oscillations appears to be small,
they represent a significant (> 50%) modulation of the absorption coefficient. The analysis of
obtained results demonstrates that the low-B decay, magnitude, and polarization dependence of
the transmittance oscillations accurately follow the theory describing photon-assisted scattering
between distant disorder-broadened Landau levels. The extracted sample parameters reasonably well
describe the concurrently measured MIRO. Our results provide an insight into the MIRO polarization
immunity problem and pave the way to probe diverse high-frequency transport properties of high-
mobility systems using precise transmission measurements.
The discovery of the microwave-induced resistance os-
cillations (MIRO) and zero-resistance states (ZRS) in
high-mobility two-dimensional electron systems (2DES)
subject to a moderately strong perpendicular magnetic
field [1–6] triggered an outbreak of experimental and the-
oretical research that has led to observation of a number
of interrelated magnetotransport phenomena in various
materials and conditions [7–35]. Most of the observed
effects have been coherently explained within a unified
framework describing quantum kinetics of electrons in
disorder-broadened Landau levels (LLs) in the presence
of strong static and alternating electric fields [7, 36–54]
(for other theoretical proposals, see Refs. [55–59]). In
application to MIRO, this quantum description is tightly
linked to an enhanced absorption of microwave radiation
whenever the photon energy, ~ω, is close to an integer
multiple of the cyclotron energy, N~ωc [39, 41, 43, 49].
In a nutshell, such enhancements reflect the maxima of
the thermally averaged product, 〈ν(ε)ν(ε + ~ω)〉, of ini-
tial and final density of states ν(ε) for transitions be-
tween the disorder-broadened LLs. It is worth men-
tioning that, apart from the broadening of LLs, the
role of disorder here is to make possible the otherwise
dipole-forbidden photon-assisted transitions between dis-
tant LLs for N 6= 1.
The corresponding complex structure of the cyclotron
resonance (CR) line shape including multiple additional
resonant features at ω = Nωc, N = 2, 3, . . . , was
observed already in the early far-infrared transmission
experiments [60], following the theoretical predictions
in pioneering works on quantum magnetotransport in
2DES [61]. However, a direct observation of the res-
onances associated with photon-assisted transitions be-
tween distant LLs turned out to be a challenging task
in modern high-mobility 2DES [16, 62–66], despite gi-
ant MIRO and ZRS that are argued to emerge due to
these processes in the dc resistance of the microwave-
illuminated samples [39, 41, 43]. As detailed below,
the reason for this apparent contradiction is that the
shape of the magneto-transmittance and reflectance in
the ultra-high-mobility structures is dominated by the
non-dissipative dynamical response of nearly free elec-
trons, such that even very pronounced (up to ∼ 100%)
quantum corrections to the dissipative part of the dy-
namic conductivity, Reσ(ω,B) ∝ 〈ν(ε)ν(ε + ~ω)〉, be-
come hardly detectable in the transmission traces. It is
thus not surprising that in high-mobility structures such
quantum oscillations were so far only detected in the dif-
ferential absorption of the 2DES placed in a cavity [67].
Here we demonstrate the possibility to detect multi-
ple harmonics of the CR in the transmission signal on a
sample that also manifests well-pronounced MIRO in the
in-situ measured dc resistance. To make this possible, we
performed measurements on a sample with moderately
high mobility, µ = 2.1× 106 cm2/Vs, and implemented a
quasi-optical setup with tunable-frequency stable radia-
tion sources which enabled high accuracy measurements
of the absolute transmittance values. To improve the
visibility of the quantum magnetooscillations in trans-
mittance we further took an opportunity to deliberately
modify the shape of magneto-transmittance by fine tun-
ing the interference effects originating from multiple re-
flections of the wave in the substrate. With all the above
measures, we were able to resolve 8 or more periods of
magnetooscillations for both polarities of the magnetic
field under the circularly-polarized microwave illumina-
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FIG. 1. Magnetic field dependences of (a) photoresistance δR(B) and (b) transmission |t+|2(B) measured at frequency
f = 222 GHz and for the right-hand circular polarization (black). Inset in panel (a): a part of δR(B) plotted against ω/ωc.
(c): a zoomed part of |t+|2(B) in panel (b), where magnetooscillations in transmission are seen at both positive and negative
magnetic fields. Red curves: fits calculated according to Eqs. (1) – (3) for the transmission and Eq. (4) for the photoresistance.
tion. We show that the low-B decay, the magnitude, and
polarization dependence of the observed oscillations ac-
curately follow the theoretical predictions of Ref. [39], be-
ing governed by a single fitting parameter which describes
the broadening of LLs due to impurity scattering. This
parameter also reasonably well describes the low-B decay
of the concurrently measured MIRO. Our results demon-
strate an opportunity to use high-precision transmission
measurements to probe diverse high-frequency transport
properties of high-mobility systems including quantum,
hydrodynamic, or classical memory effects, and provide
an additional insight into the intriguing and controversial
issue of polarization immunity of MIRO [7, 16, 30, 66, 68].
Sample and methods.– The measurements were carried
out on a heterostructure containing a 2DES in a selec-
tively doped 16 nm GaAs quantum well with AlAs/GaAs
superlattice barriers grown by molecular beam epitaxy
on a GaAs substrate [69–72]. The van-der-Pauw sam-
ple size was 10×10 mm, ohmic contacts at the corners
were fabricated by burning Ge/Au/Ni/Au, see Supple-
mental Material (SM) for details [73]. After exposure
to the room light the electron density and mobility were
n = 6.6 × 1011 cm−2 and µ = 2.1 × 106 cm2/Vs, respec-
tively [73]. The sample was irradiated from the substrate
side through an 8 mm aperture. Backward-wave oscil-
lators with available frequency range between 100 and
1000 GHz were used as stable sources of the normally in-
cident continuous monochromatic radiation. A split-coil
superconducting magnet provided the magnetic field, B,
oriented perpendicular to the sample surface. The trans-
mittance through the sample was measured using a He-
cooled bolometer. High temporal stability of the whole
system including the mounting of the sample allows us
to detect the relative changes of transmittance down to
10−4 [73, 74]. In parallel with the transmittance, the pho-
toresistance δR (the difference of the resistance signals in
the presence and absence of irradiation) was measured us-
ing the double-modulation technique [73]. All presented
results were obtained at temperature T = 1.9 K.
Results. – Figure 1 shows a representative example of
simultaneously measured photoresistance, panel (a), and
transmittance, panels (b) and (c), recorded as a function
of perpendicular magnetic field B using f = 222 GHz
circularly polarized radiation. Red lines in Fig. 1 are
theoretical fits, explained below, to the data shown by
black lines and dots. Similar results obtained under 328
and 432 GHz radiation are provided in SM [73].
The photoresistance δR in panel (a) displays pro-
nounced MIRO governed by the ratio ω/ωc, where ω =
2pif is the angular radiation frequency and ωc = eB/m
is the cyclotron frequency. Here e = |e| is the elementary
charge and m is the electron effective mass. In the in-
set, a part of these data is replotted versus ω/ωc (using
m = 0.068m0, where m0 is a free electron mass) making
evident that the observed magnetooscillations accurately
reproduce the established period and phase of MIRO,
with nodes at integer ω/ωc.
The focus of this work is on the magnetotransmit-
tance. The analysis below shows that it is dominated
by strong metallic reflection from the 2DES leading to
a strong dip in the region of CR, marked by the arrow
in panel (b). The transmission is also significantly af-
fected by multiple reflections of the electromagnetic wave
in the dielectric slab between back and front interfaces of
3the sample. The associated Fabry-Pe´rot interference is
responsible for an asymmetric line shape of the CR dip
in transmittance. For our particular choice of microwave
frequency, f = 222 GHz, the interference produces an
almost flat shoulder at |B| . 0.2 T. A magnified view
of this region, shown in panel (c), reveals the presence
of magnetooscillations which closely resemble the ω/ωc-
oscillations seen in δR. Despite the relatively low ampli-
tude of magnetooscillations in transmittance and their
exponential decay towards low B, we are able to clearly
detect multiple oscillation periods for both polarities of
the magnetic field. Below we demonstrate that these
oscillations are in excellent agreement with theoretical
predictions of Ref. [39], see red line in panel (c), and can
therefore by attributed to an enhanced absorption at in-
teger ω/ωc due to resonant photon-assisted transitions
between distant disorder-broadened LLs.
Analysis. – We model the measured transmittance using
the expression [60, 66]
|t±|2 = 4Ksw|s1 (1 + σ±Z0) + s2|2
. (1)
Apart from a phenomenological factorKsw ' 1 addressed
below, it describes the fraction of power transmitted
through a dielectric slab containing an isotropic 2DES for
a normally incident circularly-polarized wave (+ and −
signs correspond to the right- and left-handed circular po-
larization, respectively). Two complex parameters s1 =
cos(kd)−i−1/2 sin(kd) and s2 = cos(kd)−i
√
 sin(kd) de-
scribe the Fabry-Pero´t interference and are controlled by
the product of the sample thickness, d = 406µm, and the
wave number in the GaAs substrate, k =
√
ω/c. These
parameters were accurately determined from the period
of measured frequency dependence of transmittance at
B = 0, yielding the dielectric permittivity  = 12.06 [73].
Apart from that, these B = 0 measurements provided
the value of the ω-dependent factor Ksw (0.913 for the fit
in Fig. 1) which is conventionally introduced to account
for weak uncontrolled effects such as remaining standing
waves in the experimental cell [73, 75].
The magnetic field dependence of |t±|2 in Eq. (1)
is fully determined by the complex dynamic conduc-
tivity of the 2DES, σ±, which enters in combination
with the impedance of free space Z0 and is defined as
σ± = σxx(ω,B) ± iσxy(ω,B) in terms of components
σxx = σyy and σxy = −σyx of the conductivity ten-
sor. We have checked that all features of the measured
|t±|2 remain independent of the microwave power in the
whole available range, which demonstrates that our mea-
surements reflect the linear-response transport proper-
ties of the 2DES [73]. The linear conductivity is mod-
elled [39, 73] as a sum σ± = σD± + δσ± of classical Drude
conductivity,
σD± =
en
µ−1 ± iB − iBCR , (2)
where BCR = ωmCR/e denotes the position of the CR,
and an oscillatory quantum correction,
δσ± = 2δ2 cos
2piω
ωc
ReσD±. (3)
Here δ = exp (−pi/µq|B|) is the Dingle factor, and µq
is the quantum mobility which parameterizes the disor-
der broadening of LLs. For a reliable comparison of the
theoretical model with experiment, in the transmittance
fit according to Eqs. (1)-(3), presented in Fig. 1, we use
the electron mobility µ = 2.1 × 106 cm2/Vs and density
n = 6.6 × 1011 cm−2 determined from the dc magneto-
transport measurements [73].
The remaining three fitting parameters BCR, m =
eB/ωc, and µq can be independently extracted from the
transmission data. Namely, the CR position BCR can
be accurately determined from the position of deep min-
imum in panel (b) of Fig. (1), where |t+|2 approaches
zero in view of a large value of enµZ0 ' 84 in our
high-mobility 2DES. The corresponding cyclotron mass,
mCR = 0.073m0 represents the collective cyclotron mo-
tion of electrons which by virtue of the Kohn theorem [76]
is insensitive to electron-electron interactions. In con-
trast, the quasiparticle effective mass, m = 0.068m0,
determined from the period of ω/ωc-magnetooscillations
in both the microwave transmission and dc resistance,
represents the LL spacing in the vicinity of the Fermi
level where the microwave-assisted scattering processes
take place. This mass should therefore be sensitive to
the Fermi-liquid renormalizations and can significantly
differ from mCR as confirmed by previous MIRO obser-
vations in several materials [33, 77–79]. Our data involve
a large number of oscillation periods in both δR and |t+|2
and thus enable a precise determination of m. The re-
sults presented in Fig. 1 demonstrate that the periods of
MIRO and of quantum oscillations (Eq. (3)) in the dy-
namic conductivity coincide. Taking into account that,
unlike MIRO, quantum oscillations in transmission be-
come more pronounced for lower transport mobility, this
opens up an opportunity to explore the renormalization
effects [33, 77–79] in a broader class of 2DES.
The form of Eq. (3) suggests that knowledge of a sin-
gle parameter, µq, should be sufficient to reproduce not
only the low-B decay, but also the shape and magnitude
of magnetooscillations in the relative quantum correction
δσ±/ReσD± to the dissipative part of dynamic Drude con-
ductivity. Taking into account that the values of all other
relevant parameters were fixed using the results of inde-
pendent measurements [73], this makes the accuracy of
the fit in panel (c) of Fig. (1) quite remarkable. The ob-
tained value of µq = 0.23× 106 cm2/Vs is approximately
10 times smaller than the transport mobility, which im-
plies the dominance of small-angle impurity scattering
typical for modern high-mobility 2DES. The validity of
the above description is additionally supported by fits
of the transmission data obtained for higher frequencies
4that yield similar values of µq [73].
The same value of µq reasonably well describes the
low-B decay of MIRO in δR, which are modelled using
the theoretical expression [47]
δR
R
= −Aω ω
ωc
δ2 sin
2piω
ωc
, (4)
see red line in panel (a). The factor Aω here depends
on several parameters including the radiation character-
istics [66] and properties of 2DES [73]. The estimates
show that MIRO at relevant temperatures should be
dominated by the inelastic mechanism [39, 43]. The
fit provided the required value of the microwave power
of 0.2 mW, which is consistent with the characteristics
of implemented radiation sources [73]. A closer look
at high harmonics of MIRO shows, however, that the
value of µq found from the transmittance oscillations
underestimates the actual decay of MIRO. We found
that MIRO can be well fitted using a shorter value of
µq = 0.135× 106 cm2/Vs which, in turn, does not fit the
magnitude and number of oscillations in the transmit-
tance [73]. This unexpected discrepancy requires under-
standing and deserves additional studies.
Discussion. – While the relative amplitude ∼ 1% of the
observed oscillations in |t+|2 is quite small, they repre-
sent a significant effect (2δ2 ∼ 0.5 at |B| = 0.2 T) in
the dissipative part of the dynamic conductivity, Reσ+,
which defines the fraction of the microwave power ab-
sorbed by 2DES. The reason is that outside an ex-
tremely narrow range |B − BCR| . µ−1 ∼ 0.05 T near
the CR, the shape of the magnetotransmission is con-
trolled by the imaginary part of conductivity, Imσ+ '
en/(BCR − B), which describes classical forced oscilla-
tions of electrons in the microwave field in the absence
of scattering and thus is insensitive to Landau quanti-
zation [73]. The real part, proportional to the rate of
photon-assisted scattering off impurities, is modified as
the thermally averaged product, 〈ν(ε)ν(ε + ~ω)〉, of ini-
tial and final density of states ν(ε) for transitions be-
tween the disorder-broadened LLs. For the relevant high
T , corresponding to suppressed Shubnikov-de Haas os-
cillations, and in the limit of strongly overlapping LLs,
ν(ε)/ν0 ' 1−2δ cos(2piε/~ωc), where ν0 denotes the con-
stant density of states at B = 0, this average reduces to
ν20
(
1 + 2δ2 cos(2piω/ωc)
)
, reproducing Eq. (3) [7, 39, 73].
The approximation of overlapping LLs works well for
δ  1, but underestimates the amplitude of magne-
tooscillations in Fig. 1 for |B| & 0.2 T, corresponding to
transition to the regime of separated LLs. More impor-
tantly, the shape of magnetotransmission at |B| & 0.2 T
is also influenced by such uncontrolled effects as remain-
ing standing waves in the experimental cell [73]. These
detrimental effects are, apparently, the main cause of de-
viations of the fitting curve from measured |t+|2 both at
B ∼ BCR and at B ∼ −BCR, which makes difficult a re-
liable comparison between the obtained data and theory
in these interesting ranges of B. Importantly, in the well
controlled range of |B| < 0.2 T illustrated in panel (c),
we do not observe any deviations between the theoretical
fit and data that are asymmetric with respect to the sign
of B. This suggests that the polarization dependence of
the measured transmission |t+|2, and, therefore, of the
dynamic conductivity is well captured by theory [39], as
opposed to MIRO, where strong deviations were reported
for GaAs-based 2DES [16, 66], while a recent experiment
on electron system on the surface of liquid He demon-
strated the polarization dependence consistent with the
theory predictions [30].
Similar to the Shubnikov-de Haas oscillations in the dc
transport response, quantum oscillations in transmission
discussed above are a direct manifestation of the Landau
quantization, and thus should emerge in any 2DES in the
appropriate range of radiation frequencies and magnetic
fields. Classical memory effects can be another poten-
tial source of strong ω/ωc-oscillations in high-frequency
dissipative transport [55, 59, 80, 81] that can be stud-
ied using high precision measurements of transmission.
Unlike universal quantum oscillations, the shape, phase,
and damping of these classical oscillations are strongly
sensitive to the type of random potential of impurities
realized in a particular 2DES. One further interesting
potential application concerns hydrodynamic and mag-
netoplasmon effects in high-frequency transport, which,
in particular, are proposed [82, 83] to be responsible for a
huge photoresistance peak observed at ω ' 2ωc [84, 85].
In conclusion, we have observed resonant transmis-
sion features at multiple integer harmonics of the cy-
clotron resonance which follow the microwave induced
resistance oscillations concurrently measured in dc mag-
netotransport. The detected transmission oscillations,
including their polarization dependence, accurately fol-
low the theoretical predictions relating them to impurity-
and photon-assisted transitions between distant Landau
levels, thus supporting the quantum mechanisms pro-
posed for explanation of MIRO. Our work demonstrates
that high precision measurements of transmission can be
a versatile tool for studies of sufficiently strong effects
in high-frequency dissipative transport of high-mobility
2DES.
We acknowledge discussions with D.A. Kozlov and sup-
port from Austrian Science Funds I3456-N27, from the
Russian Foundation for Basic Research (17-52-14007),
and from the German Research Foundation (DFG project
GA501/14-1).
∗ mlsavchenko@isp.nsc.ru
[1] M. A. Zudov, R. R. Du, J. A. Simmons, and J. L. Reno,
“Shubnikov – de Haas-like oscillations in millimeterwave
photoconductivity in a high-mobility two-dimensional
electron gas,” Phys. Rev. B 64, 201311(R) (2001).
5[2] P. D. Ye, L. W. Engel, D. C. Tsui, J. A. Simmons, J. R.
Wendt, G. A. Vawter, and J. L. Reno, “Giant microwave
photoresistance of two-dimensional electron gas,” Appl.
Phys. Lett. 79, 2193 (2001).
[3] R. G. Mani, J. H. Smet, K. von Klitzing, V. Narayana-
murti, W. B. Johnson, and V. Umansky, “Zero-
resistance states induced by electromagnetic-wave exci-
tation in GaAs/AlGaAs heterostructures,” Nature 420,
646 (2002).
[4] M. A. Zudov, R. R. Du, L. N. Pfeiffer, and K. W. West,
“Evidence for a new dissipationless effect in 2D electronic
transport,” Phys. Rev. Lett. 90, 046807 (2003).
[5] S. I. Dorozhkin, “Giant magnetoresistance oscillations
caused by cyclotron resonance harmonics,” JETP Lett.
77, 577 (2003).
[6] C. L. Yang, M. A. Zudov, T. A. Knuuttila, R. R.
Du, L. N. Pfeiffer, and K. W. West, “Observation
of microwave-induced zero-conductance state in Corbino
rings of a two-dimensional electron system,” Phys. Rev.
Lett. 91, 096803 (2003).
[7] I. A. Dmitriev, A. D. Mirlin, D. G. Polyakov, and M. A.
Zudov, “Nonequilibrium phenomena in high Landau lev-
els,” Rev. Mod. Phys. 84, 1709 (2012).
[8] M. A. Zudov, I. V. Ponomarev, A. L. Efros, R. R. Du,
J. A. Simmons, and J. L. Reno, “New class of magne-
toresistance oscillations: interaction of a two-dimensional
electron gas with leaky interface phonons,” Phys. Rev.
Lett. 86, 3614 (2001).
[9] C. L. Yang, J. Zhang, R. R. Du, J. A. Simmons, and
J. L. Reno, “Zener tunneling between Landau orbits in a
high-mobility two-dimensional electron gas,” Phys. Rev.
Lett. 89, 076801 (2002).
[10] W. Zhang, M. A. Zudov, L. N. Pfeiffer, and K. W. West,
“Resonant phonon scattering in quantum Hall systems
driven by dc electric fields,” Phys. Rev. Lett. 100, 036805
(2008).
[11] W. Zhang, M. A. Zudov, L. N. Pfeiffer, and K. W. West,
“Resistance oscillations in two-dimensional electron sys-
tems induced by both ac and dc fields,” Phys. Rev. Lett.
98, 106804 (2007).
[12] A. A. Bykov, D. R. Islamov, A. V. Goran, and A. I.
Toropov, “Microwave photoresistance of a double quan-
tum well at high filling factors,” JETP Lett. 87, 477
(2008).
[13] S. Wiedmann, G. M. Gusev, O. E. Raichev, T. E. Lamas,
A. K. Bakarov, and J. C. Portal, “Interference oscilla-
tions of microwave photoresistance in double quantum
wells,” Phys. Rev. B 78, 121301(R) (2008).
[14] S. Wiedmann, G. M. Gusev, O. E. Raichev, A. K.
Bakarov, and J. C. Portal, “Microwave zero-resistance
states in a bilayer electron system,” Phys. Rev. Lett. 105,
026804 (2010).
[15] R. L. Willett, L. N. Pfeiffer, and K. W. West, “Evidence
for current-flow anomalies in the irradiated 2D electron
system at small magnetic fields,” Phys. Rev. Lett. 93,
026804 (2004).
[16] J. H. Smet, B. Gorshunov, C. Jiang, L. Pfeiffer, K. West,
V. Umansky, M. Dressel, R. Meisels, F. Kuchar, and
K. von Klitzing, “Circular-polarization-dependent study
of the microwave photoconductivity in a two-dimensional
electron system,” Phys. Rev. Lett. 95, 116804 (2005).
[17] A. A. Bykov, “Microwave-induced magnetic field oscil-
lations of the electromotive force in a two-dimensional
Corbino disk at large filling factors,” JETP Lett. 87, 233
(2008).
[18] S. I. Dorozhkin, I. V. Pechenezhskiy, L. N. Pfeiffer, K. W.
West, V. Umansky, K. von Klitzing, and J. H. Smet,
“Photocurrent and photovoltage oscillations in the two-
dimensional electron system: enhancement and suppres-
sion of built-in electric fields,” Phys. Rev. Lett. 102,
036602 (2009).
[19] S. I. Dorozhkin, L. Pfeiffer, K. West, K. von Klitz-
ing, and J. H. Smet, “Random telegraph photosignals in
a microwave-exposed two-dimensional electron system,”
Nat. Phys. 7, 336 (2011).
[20] A. A. Bykov, I. V. Marchishin, A. V. Goran, and
D. V. Dmitriev, “Microwave induced zero-conductance
state in a Corbino geometry two-dimensional electron gas
with capacitive contacts,” Appl. Phys. Lett. 97, 082107
(2010).
[21] I. V. Andreev, V. M. Muravev, I. V. Kukushkin, S. Sch-
mult, and W. Dietsche, “High-frequency response of a
two-dimensional electron system under microwave irradi-
ation,” Phys. Rev. B 83, 121308(R) (2011).
[22] D. Konstantinov and K. Kono, “Photon-induced vanish-
ing of magnetoconductance in 2D electrons on liquid he-
lium,” Phys. Rev. Lett. 105, 226801 (2010).
[23] D. Konstantinov, Yu. Monarkha, and K. Kono, “Effect
of Coulomb interaction on microwave-induced magneto-
conductivity oscillations of surface electrons on liquid he-
lium,” Phys. Rev. Lett. 111, 266802 (2013).
[24] A. D. Levin, Z. S. Momtaz, G. M. Gusev, O. E.
Raichev, and A. K. Bakarov, “Microwave-induced
magneto-oscillations and signatures of zero-resistance
states in phonon-drag voltage in two-dimensional elec-
tron systems,” Phys. Rev. Lett. 115, 206801 (2015).
[25] S. I. Dorozhkin, A. A. Kapustin, V. Umansky, K. von Kl-
itzing, and J. H. Smet, “Microwave-induced oscillations
in magnetocapacitance: Direct evidence for nonequilib-
rium occupation of electronic states,” Phys. Rev. Lett.
117, 176801 (2016).
[26] Q. Shi, M. A. Zudov, I. A. Dmitriev, K. W. Baldwin,
L. N. Pfeiffer, and K. W. West, “Fine structure of high-
power microwave-induced resistance oscillations,” Phys.
Rev. B 95, 041403(R) (2017).
[27] M. A. Zudov, O. A. Mironov, Q. A. Ebner, P. D. Martin,
Q. Shi, and D. R. Leadley, “Observation of microwave-
induced resistance oscillations in a high-mobility two-
dimensional hole gas in a strained quantum well,” Phys.
Rev. B 89, 125401 (2014).
[28] D. F. Ka¨rcher, A. V. Shchepetilnikov, Yu. A. Nefyo-
dov, J. Falson, I. A. Dmitriev, Y. Kozuka, D. Maryenko,
A. Tsukazaki, S. I. Dorozhkin, I. V. Kukushkin,
M. Kawasaki, and J. H. Smet, “Observation of mi-
crowave induced resistance and photovoltage oscillations
in MgZnO/ZnO heterostructures,” Phys. Rev. B 93,
041410(R) (2016).
[29] R. Yamashiro, L. V. Abdurakhimov, A. O. Badrutdinov,
Yu. P. Monarkha, and D. Konstantinov, “Photocon-
ductivity response at cyclotron-resonance harmonics in
a nondegenerate two-dimensional electron gas on liquid
helium,” Phys. Rev. Lett. 115, 256802 (2015).
[30] A. A. Zadorozhko, Yu. P. Monarkha, and D. Kon-
stantinov, “Circular-polarization-dependent study of
microwave-induced conductivity oscillations in a two-
dimensional electron gas on liquid helium,” Phys. Rev.
Lett. 120, 046802 (2018).
[31] M. Otteneder, I. A. Dmitriev, S. Candussio, M. L.
6Savchenko, D. A. Kozlov, V. V. Bel’kov, Z. D. Kvon,
N. N. Mikhailov, S. A. Dvoretsky, and S. D. Ganichev,
“Sign-alternating photoconductivity and magnetoresis-
tance oscillations induced by terahertz radiation in HgTe
quantum wells,” Phys. Rev. B 98, 245304 (2018).
[32] B. Friess, I. A. Dmitriev, V. Umansky, L. Pfeiffer,
K. West, K. von Klitzing, and J. H. Smet, “Acoustoelec-
tric study of microwave-induced current domains,” Phys.
Rev. Lett. 124, 117601 (2020).
[33] D. Tabrea, I. A. Dmitriev, S. I. Dorozhkin, B. P.
Gorshunov, A. V. Boris, Y. Kozuka, A. Tsukazaki,
M. Kawasaki, K. von Klitzing, and J. Falson, “Mi-
crowave response of interacting oxide two-dimensional
electron systems,” arXiv:2006.13627 (2020).
[34] E. Mo¨nch, D. A. Bandurin, I. A. Dmitriev, I. Y. Phin-
ney, I. Yahniuk, T. Taniguchi, K. Watanabe, P. Jarillo-
Herrero, and S. D. Ganichev, “Observation of terahertz-
induced magnetooscillations in graphene,” Nano Letters
20, 5943 (2020).
[35] P. Kumaravadivel, M. T. Greenaway, D. Perello,
A. Berdyugin, J. Birkbeck, J. Wengraf, S. Liu, J. H.
Edgar, A. K. Geim, L. Eaves, and R. Krishna Ku-
mar, “Strong magnetophonon oscillations in extra-large
graphene,” Nat. Commun. 10, 3334 (2019).
[36] V. I. Ryzhii, “Photoconductivity characteristics in thin
films subjected to crossed electric and magnetic fields,”
Sov. Phys. Solid State 11, 2078 (1970).
[37] V. I. Ryzhii, R. A. Suris, and B. S. Shchamkhalova,
“Photoconductivity of a two-dimensional electron gas in
a strong magnetic field,” Sov. Phys. Semicond. 20, 1299
(1986).
[38] A. C. Durst, S. Sachdev, N. Read, and S. M. Girvin,
“Radiation-induced magnetoresistance oscillations in a
2D electron gas,” Phys. Rev. Lett. 91, 086803 (2003).
[39] I. A. Dmitriev, A. D. Mirlin, and D. G. Polyakov,
“Cyclotron-resonance harmonics in the ac response of a
2D electron gas with smooth disorder,” Phys. Rev. Lett.
91, 226802 (2003).
[40] A. V. Andreev, I. L. Aleiner, and A. J. Millis, “Dy-
namical symmetry breaking as the origin of the zero-dc-
resistance state in an ac-driven system,” Phys. Rev. Lett.
91, 056803 (2003).
[41] M. G. Vavilov and I. L. Aleiner, “Magnetotransport in
a two-dimensional electron gas at large filling factors,”
Phys. Rev. B 69, 035303 (2004).
[42] V. Ryzhii, A. Chaplik, and R. Suris, “Absolute neg-
ative conductivity and zero-resistance states in two-
dimensional electron systems: a plausible scenario,”
JETP Lett. 80, 363 (2004).
[43] I. A. Dmitriev, M. G. Vavilov, I. L. Aleiner, A. D. Mirlin,
and D. G. Polyakov, “Theory of microwave-induced oscil-
lations in the magnetoconductivity of a two-dimensional
electron gas,” Phys. Rev. B 71, 115316 (2005).
[44] M. G. Vavilov, I. L. Aleiner, and L. I. Glazman, “Non-
linear resistivity of a two-dimensional electron gas in a
magnetic field,” Phys. Rev. B 76, 115331 (2007).
[45] M. Khodas and M. G. Vavilov, “Effect of microwave ra-
diation on the nonlinear resistivity of a two-dimensional
electron gas at large filling factors,” Phys. Rev. B 78,
245319 (2008).
[46] I. A. Dmitriev, S. I. Dorozhkin, and A. D. Mirlin,
“Theory of microwave-induced photocurrent and pho-
tovoltage magneto-oscillations in a spatially nonuniform
two-dimensional electron gas,” Phys. Rev. B 80, 125418
(2009).
[47] I. A. Dmitriev, M. Khodas, A. D. Mirlin, D. G. Polyakov,
and M. G. Vavilov, “Mechanisms of the microwave pho-
toconductivity in two-dimensional electron systems with
mixed disorder,” Phys. Rev. B 80, 165327 (2009).
[48] I. A. Dmitriev, R. Gellmann, and M. G. Vav-
ilov, “Phonon-induced resistance oscillations of two-
dimensional electron systems drifting with supersonic ve-
locities,” Phys. Rev. B 82, 201311(R) (2010).
[49] O. E. Raichev, “Magnetic oscillations of resistivity and
absorption of radiation in quantum wells with two pop-
ulated subbands,” Phys. Rev. B 78, 125304 (2008).
[50] O. E. Raichev, “Theory of acoustic-phonon assisted mag-
netotransport in two-dimensional electron systems at
large filling factors,” Phys. Rev. B 80, 075318 (2009).
[51] Y. Monarkha and D. Konstantinov, “Magneto-
oscillations and anomalous current states in a pho-
toexcited electron gas on liquid helium,” J. Low Temp.
Phys. 197, 208 (2019).
[52] I. A. Dmitriev, “Self-oscillations and noise-induced flips
of spontaneous electric field in microwave-induced zero
resistance state,” EPL (Europhysics Letters) 126, 57004
(2019).
[53] M. T. Greenaway, R. Krishna Kumar, P. Kumaravadi-
vel, A. K. Geim, and L. Eaves, “Magnetophonon spec-
troscopy of Dirac fermion scattering by transverse and
longitudinal acoustic phonons in graphene,” Phys. Rev.
B 100, 155120 (2019).
[54] O. E. Raichev and M. A. Zudov, “Effect of Berry phase on
nonlinear response of two-dimensional fermions,” Phys.
Rev. Research 2, 022011 (2020).
[55] I. A. Dmitriev, A. D. Mirlin, and D. G. Polyakov, “Os-
cillatory ac conductivity and photoconductivity of a two-
dimensional electron gas: quasiclassical transport be-
yond the Boltzmann equation,” Phys. Rev. B 70, 165305
(2004).
[56] A. D. Chepelianskii and D. L. Shepelyansky, “Mi-
crowave stabilization of edge transport and zero-
resistance states,” Phys. Rev. B 80, 241308(R) (2009).
[57] S. A. Mikhailov, “Theory of microwave-induced zero-
resistance states in two-dimensional electron systems,”
Phys. Rev. B 83, 155303 (2011).
[58] O. V. Zhirov, A. D. Chepelianskii, and D. L. Shepelyan-
sky, “Towards a synchronization theory of microwave-
induced zero-resistance states,” Phys. Rev. B 88, 035410
(2013).
[59] Y. M. Beltukov and M. I. Dyakonov, “Microwave-induced
resistance oscillations as a classical memory effect,” Phys.
Rev. Lett. 116, 176801 (2016).
[60] G. Abstreiter, J. P. Kotthaus, J. F. Koch, and G. Dorda,
“Cyclotron resonance of electrons in surface space-charge
layers on silicon,” Phys. Rev. B 14, 2480 (1976).
[61] T. Ando, “Theory of cyclotron resonance lineshape in a
two-dimensional electron system,” J. Phys. Soc. Jpn. 38,
989 (1975).
[62] S. A. Studenikin, M. Potemski, A. Sachrajda, M. Hilke,
L. N. Pfeiffer, and K. W. West, “Microwave-induced
resistance oscillations on a high-mobility two-dimensional
electron gas: exact waveform, absorption/reflection and
temperature damping,” Phys. Rev. B 71, 245313 (2005).
[63] S.A. Studenikin, M. Potemski, A.S. Sachrajda, M. Hilke,
L.N. Pfeiffer, and K.W. West, “Microwave absorp-
tion/reflection and magneto-transport experiments on
high-mobility electron gas,” IEEE Trans. Nanotechnol.
74, 124 (2005).
[64] A. Wirthmann, B. D. McCombe, D. Heitmann,
S. Holland, K.-J. Friedland, and C.-M. Hu, “Far-
infrared-induced magnetoresistance oscillations in
GaAs/AlxGa1−xAs-based two-dimensional electron
systems,” Phys. Rev. B 76, 195315 (2007).
[65] L.-C. Tung, C. L. Yang, D. Smirnov, L. N. Pfeiffer,
K. W. West, R. R. Du, and Y.-J. Wang, “Submillimeter
wave induced resistance oscillations in ultra-high mobil-
ity two-dimensional electron systems,” Solid State Com-
mun. 149, 1531 (2009).
[66] T. Herrmann, I. A. Dmitriev, D. A. Kozlov, M. Schnei-
der, B. Jentzsch, Z. D. Kvon, P. Olbrich, V. V.
Bel’kov, A. Bayer, D. Schuh, D. Bougeard, T. Kuczmik,
M. Oltscher, D. Weiss, and S. D. Ganichev, “Ana-
log of microwave-induced resistance oscillations induced
in GaAs heterostructures by terahertz radiation,” Phys.
Rev. B 94, 081301(R) (2016).
[67] O. M. Fedorych, M. Potemski, S. A. Studenikin, J. A.
Gupta, Z. R. Wasilewski, and I. A. Dmitriev, “Quan-
tum oscillations in the microwave magnetoabsorption
of a two-dimensional electron gas,” Phys. Rev. B 81,
201302(R) (2010).
[68] A. D. Chepelianskii and D. L. Shepelyansky, “Floquet
theory of microwave absorption by an impurity in the
two-dimensional electron gas,” Phys. Rev. B 97, 125415
(2018).
[69] T. Baba, T. Mizutani, and M. Ogawa, “Elimination of
persistent photoconductivity and improvement in Si ac-
tivation coefficient by Al spatial separation from Ga and
Si in Al-Ga-As:Si solid system – a novel short period
AlAs/n-GaAs superlattice,” Japanese Journal of Applied
Physics 22, L627 (1983).
[70] K.-J. Friedland, R. Hey, H. Kostial, R. Klann, and
K. Ploog, “New concept for the reduction of impu-
rity scattering in remotely doped GaAs quantum wells,”
Phys. Rev. Lett. 77, 4616 (1996).
[71] V. Umansky, M. Heiblum, Y. Levinson, J. Smet,
J. Nu¨bler, and M. Dolev, “MBE growth of ultra-low dis-
order 2DEG with mobility exceeding 35× 106 cm2/Vs,”
J. Cryst. Growth 311, 1658 (2009).
[72] M. J. Manfra, “Molecular beam epitaxy of ultra-
high-quality AlGaAs/GaAs heterostructures: Enabling
physics in low-dimensional electronic systems,” Annu.
Rev. Condens. Matter Phys. 5, 347–373 (2014).
[73] See Supplemental Material following the main text for
details of transmittance measurements, additional trans-
mission data for different radiation frequencies, depen-
dence of MIRO and transmittance on the radiation power
and dc current, magnetotransport in the absence and
presence of radiation, MIRO measurements using dou-
ble modulation technique, full expression for the MIRO
amplitude, summary of the fitting procedure including
table of obtained sample parameters, discussion of the
low-B decay of oscillations in transmission and MIRO,
and conditions for observation of transmittance oscilla-
tions in high-mobility 2DES.
[74] A. M. Shuvaev, G. V. Astakhov, C. Bru¨ne, H. Buh-
mann, L. W. Molenkamp, and A. Pimenov, “Terahertz
magneto-optical spectroscopy in HgTe thin films,” Semi-
cond. Sci. Technol. 27, 124004 (2012).
[75] U. Dziom, “Thz spectroscopy of novel spin and quantum
Hall systems,” Ph.D. thesis, Vienna University of Tech-
nology (2018).
[76] W. Kohn, “Cyclotron resonance and de Haas-van Alphen
oscillations of an interacting electron gas,” Phys. Rev.
123, 1242 (1961).
[77] A. T. Hatke, M. A. Zudov, J. D. Watson, M. J. Manfra,
L. N. Pfeiffer, and K. W. West, “Evidence for effective
mass reduction in GaAs/AlGaAs quantum wells,” Phys.
Rev. B 87, 161307(R) (2013).
[78] A. V. Shchepetilnikov, D. D. Frolov, Yu. A. Nefyodov,
I. V. Kukushkin, and S. Schmult, “Renormalization of
the effective mass deduced from the period of microwave-
induced resistance oscillations in GaAs/AlGaAs het-
erostructures,” Phys. Rev. B 95, 161305(R) (2017).
[79] X. Fu, Q. A. Ebner, Q. Shi, M. A. Zudov, Q. Qian, J. D.
Watson, and M. J. Manfra, “Microwave-induced resis-
tance oscillations in a back-gated GaAs quantum well,”
Phys. Rev. B 95, 235415 (2017).
[80] D. G. Polyakov, F. Evers, and I. V. Gornyi, “Cyclotron
resonance in antidot arrays,” Phys. Rev. B 65, 125326
(2002).
[81] S. I. Dorozhkin, A. A. Kapustin, I. A. Dmitriev,
V. Umansky, K. von Klitzing, and J. H. Smet, “Evidence
for non-Markovian electron dynamics in the microwave
absorption of a two-dimensional electron system,” Phys.
Rev. B 96, 155306 (2017).
[82] P. S. Alekseev and A. P. Alekseeva, “Transverse mag-
netosonic waves and viscoelastic resonance in a two-
dimensional highly viscous electron fluid,” Phys. Rev.
Lett. 123, 236801 (2019).
[83] V. A. Volkov and A. A. Zabolotnykh, “Bernstein modes
and giant microwave response of a two-dimensional elec-
tron system,” Phys. Rev. B 89, 121410(R) (2014).
[84] Yanhua Dai, R. R. Du, L. N. Pfeiffer, and K. W. West,
“Observation of a cyclotron harmonic spike in microwave-
induced resistances in ultraclean GaAs/AlGaAs quantum
wells,” Phys. Rev. Lett. 105, 246802 (2010).
[85] A. T. Hatke, M. A. Zudov, L. N. Pfeiffer, and K. W.
West, “Giant microwave photoresistivity in high-mobility
quantum Hall systems,” Phys. Rev. B 83, 121301(R)
(2011).
Supplemental Material to:
“Observation of High Harmonics of the Cyclotron Resonance in Microwave
Transmission of a High-Mobility Two-Dimensional Electron System”
M. L. Savchenko,1, 2 A. Shuvaev,3 I. A. Dmitriev,4, 5 A. A. Bykov,1, 2 A. K. Bakarov,1, 2 Z. D. Kvon,1, 2 and A. Pimenov3
1Rzhanov Institute of Semiconductor Physics, 630090 Novosibirsk, Russia
2Novosibirsk State University, 630090 Novosibirsk, Russia
3Institute of Solid State Physics, Vienna University of Technology, 1040 Vienna, Austria
4Terahertz Center, University of Regensburg, 93040 Regensburg, Germany
5Ioffe Institute, 194021 St. Petersburg, Russia
(Dated: August 26, 2020)
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2S1. DETAILS OF TRANSMITTANCE MEASUREMENTS
The sample insert consists of a fixed part with the beam aperture and the movable part with the sample. The
sample is fixed on a thin (6 to 13µm) Mylar foil which is clipped to the movable rod of the insert. This is done
to have as few movable elements around the sample as possible, in order to avoid unwanted disturbances of the
beam. The detected signal as a function of radiation frequency is measured twice: first time without the sample,
yielding the reference spectrum Iref(f), and second time in the presence of the sample, which gives Isam(f). The
power transmission coefficient through the sample is then obtained as T (f) = |t±|2(f) = Isam(f)/Iref(f). Here, t± is
the complex transmission coefficient (see Eq. (1) of the main text), and +(−) denotes the right (left) hand circular
polarization (note that |t+|2 = |t−|2 at B = 0).
In Fig. S1 we show the frequency dependence of transmittance T (f) at B = 0 which clearly demonstrates the
Fabry-Pe´rot interference due to internal reflections between back and front interfaces of the sample (see Eq. (1) of the
main text). Black spheres represent the experimental data, while the red line is calculated according to Eqs. (1) and
(2) of the main text (e.g., using the Drude model (2) for the dynamic conductivity). Big green spheres correspond to
three frequencies chosen for measurements presented in this work. These frequencies have been chosen for two reasons.
First, they correspond to the most stable ranges of the radiation sources. Second, the analysis according to Eqs. (1) –
(3) of the main text shows that transmittance is most sensitive to the relevant conductivity corrections in the magnetic
field region, where the transmittance itself reaches maximum value close to unity (this property is further illustrated
in Sec. S9). Since the ω/ωc-periodic transmittance oscillations are expected to occur at low magnetic fields, the
chosen frequencies are blue shifted a little bit from the values corresponding to complete transparency of the dielectric
substrate (i.e., from the maxima in T (f) occurring due to the constructive Fabry-Pe´rot interference at integer ϕ/pi).
In this case the combination of the interference constants s1 and s2, characterizing the dielectric substrate at a given
f , and additional reflection from the 2DES results in transmittance values close to unity in the desired range of low
magnetic fields.
The theoretical description of transmission in Eq. (1) of the main text assumes that the portions of the electro-
magnetic wave transmitted through or reflected from the sample never return back. In this case, the unity ratio
between the detector signal in the absence and presence of the sample indeed corresponds to the unity transmission
through the sample. In reality, however, a part of radiation is reflected back from various optical elements and still
reaches the detector. The frequency-dependent interference of these secondary beams with each other and with the
primary beam leads to the formation of a complex structure of maxima and minima in the observed spectrum and
to visible deviations from the expected interference behavior described by Eq. (1). These irregular oscillations are
superimposed to the intrinsic spectrum of the sample giving it a “noisy” look, see Fig. S1. It should be mentioned,
however, that the observed complex transmission pattern is highly reproducible and can easily be obtained, e.g., on
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FIG. S1. Transmittance T (f) at B = 0 as a function of radiation frequency f (bottom axis). The top axis shows the
corresponding Fabry-Pero´t interference phase ϕ ≡ kd = 2pifd√/c in units of pi. Symbols represent the experimental data
points, while the red line shows a fit according to Eqs. (1) – (2) of the main text. Big green spheres correspond to frequencies
at which presented |t|2(B) curves are measured. (b): A zoomed region of panel (a) for the relevant interval of frequencies.
3next day, provided the measurement arm has not been modified in between. The limited sample volume in the Oxford
cryomagnet (26 mm bore) with a lot of metallic cladding increases the effects of the standing waves. In case of the
frequency dependent spectra the spurious standing waves cancel each other in average as they change the transmission
both in positive and negative directions. However, for single frequency measurements, especially when high precision
is required as in the present case, the influence of these standing waves can be considerable. In order to account for
them, the additional factor Ksw ' 1 is introduced in the Eq. (1) of the main text. This factor, however, neglects
the variations of the B-dependence of transmission introduced by secondary waves passing through the 2DES with
B-dependent conductivity. Despite all precautions made, currently this limits our ability for a more precise analysis
of the transmission data obtained near |B| ∼ BCR, probably also affecting the data near the second harmonics of the
CR. For these reasons, the analysis and comparison to the theoretical predictions in the main text is limited to the
region of |B| . 0.2 where the spurious effects of the secondary waves (or, more precisely, of our inaccurate account
for them using the constant factor Ksw) are expected to be negligible.
4S2. TRANSMISSION OSCILLATIONS AT DIFFERENT RADIATION FREQUENCIES
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FIG. S2. (a) A zoomed part of the magnetic field dependence of transmittance |t−|2 measured at frequency f = 328 GHz and
left-hand circular polarization (black). The transmittance oscillations are seen at both negative and positive magnetic fields.
The red curve is calculated according to Eqs. (1) – (4) of the main text with parameters given in Table S1. Inset: transmittance
|t−|2 in the full range of magnetic field. (b) The B < 0 portion of the data in left panel plotted against ω/ωc. Inset: reciprocal
magnetic fields of the |t−|2 oscillations minima plotted against their number.
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FIG. S3. (a) The magnetic field dependence of transmittance |t+|2 measured at the frequency f = 432 GHz and right-hand
circular polarization (black). Both the cyclotron resonance and magnetooscillations are seen. The red curve is calculated
according to Eqs. (1) – (4) of the main text with parameters given in Table S1. (b) A zoomed part of the dependence |t+|2
plotted against ω/ωc. Inset: reciprocal magnetic fields of the |t−|2 oscillations minima plotted against their number.
5S3. DATA FOR DIFFERENT POWER AND DC CURRENT
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FIG. S4. Magnetic field dependences of transmittance |t+|2(B) (a) and photoresistance δR(B) (b) measured at frequency
f = 222 GHz and right-hand circular polarization for different levels of the radiation power P (in units of full power Pmax, see
legend). The transmittance curves are vertically shifted for clarity. The transmittance does not show any nonlinear effects:
The whole dependence including the region of magnetooscillations [zoomed in panel (a)] remains the same for all power levels.
As demonstrated in inset in panel (b), the amplitude of MIRO δRamp is proportional to P , with a sublinear deviation barely
noticeable only at the highest available power Pmax.
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FIG. S5. Magnetic field dependences of transmittance |t−|2 measured at frequency f = 328 GHz and left-hand circular
polarization at different dc bias currents Idc = 0, 10, 50µA. The transmittance curves are vertically shifted for clarity. As
expected, the whole dependence including the region of magnetooscillations [zoomed in panel (b)] remains the same under
application of small dc bias used for concurrent transport and MIRO measurements.
6S4. MAGNETOTRANSPORT IN THE ABSENCE AND PRESENCE OF RADIATION
Magnetotransport measurements were performed using a standard low-frequency lock-in technique with a driving
current Idc = 1 − 50µA at a frequency of 12 Hz. The data presented in the paper were obtained on the sample
in a Van der Pauw geometry where only three corner contacts were available, see a schematic image in Fig. S6 (a).
Figure S6 shows the three-point resistance R3p measured in the absence (black line) and presence (red line) of the
f = 222 GHz radiation. MIRO are clearly seen in the zoomed part of R3p(B) dependence at positive B in Fig. S6 (b)
as an additional long period modulation of the resistivity between 0.2 and 0.6 T in the presence of illumination.
The short period oscillations present both with and without radiation are Shubnikov – de Haas oscillations. It is
evident that R3p is strongly asymmetric, being dominated by the diagonal resistivity ρxx of 2DEG at B > 0 and
by the Hall resistivity ρxy at B < 0. The unknown relative contributions of ρxx and ρxy to the signal at B < 0
make it impossible to reliably analyze the corresponding part of the photoresistance δR(B) obtained using the double
modulation technique. Therefore, the analysis of MIRO is limited to the region of B > 0. The slope of R3p at
negative B gives the electron density consistent with a more accurate value (see Table S1) obtained from the period
of Shubnikov – de Haas oscillations. To obtain the mobility values listed in the Table we used a Hall-bar structure
made from the same wafer.
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FIG. S6. (a) Magnetic field dependence of measured three-point resistance R3p with (R
on
3p, red line) and without (R
off
3p , black
line) illumination with a right-hand circularly polarized f = 222 GHz microwave radiation. (b) MIRO in a zoomed part of the
dependence in left panel. An arrow marked BCR = 2pifmCR/e indicates the position of the cyclotron resonance obtained from
the fits of measured transmittance using classical Drude formula. The nodes of MIRO appear at B = BF/N with N = 1, 2, . . . ,
corresponding to δR(B) ∝ − sin(2piBF/B), where the fundamental frequency BF = 2pifm/e includes the quasiparticle effective
mass m different from the cyclotron mass mCR (see Sec. S7).
7S5. MIRO MEASUREMENTS USING DOUBLE MODULATION TECHNIQUE
Usually the microwave-induced resistance oscillations (MIRO) are measured under continuous microwave illumi-
nation. The photoresponce is thereby obtained by comparing the magnetic field dependencies Ron and Roff of the
longitudinal resistance in the presence and absence of radiation. But at low radiation power the amplitude of MIRO
becomes small, and this approach is not optimal. Moreover, our main goal here is to probe the transmittance of radi-
ation that is measured using mechanical chopper such that the incoming radiation is modulated at frequency fchopper.
Therefore, we measure photoresistance δR = Ron −Roff using a double modulation technique specified below.
In our measurements, see Fig. S7, the chopper frequency fchopper = 23 Hz and a small bias current Idc = 1− 50µA
is applied to the sample at much higher frequency fcurrent = 1.1 kHz. The photoresistance is collected as a part of
signal that is modulated at both frequencies: The first lock-in collects the total signal at higher frequency fcurrent,
while its output is fed to the input of the second lock-in tuned to the lower frequency fchopper. The output signal of
the second lock-in gives the value of δR. In such measurement scheme, such amplifier settings as integration time and
a band filter slope have to be properly adjusted to the modulation frequencies fcurrent and fchopper.
2 DEG
R dR
fchopper
In InOut Out
f >> fcurrent chopper
B
hn
V
0
Lock-in 1 Lock-in 2
fcurrent fchopper
R
0
FIG. S7. Illustration of the double-modulation technique used in the measurements of photoresistance δR. Here the chopper
frequency fchopper = 23 Hz and the bias current is applied at higher frequency fcurrent = 1.1 kHz. The difference photoresistance
signal δR is obtained by using two lock-ins in series, where the first one collects the signal which oscillates in phase with the
applied bias at frequency fcurrent = 1.1 kHz, while the second collects the part δR = R
on − Roff of the resulting dc resistance
which oscillates in phase with the microwave power modulated at frequency fchopper = 23 Hz.
8S6. MIRO AMPLITUDE
We use the following expression to fit MIRO (for more details, see Supplemental materials of [1]),
δR
R
= −ηPS± 2piω
ωc
δ2 sin
2piω
ωc
, (S1)
where
P =
4pie2nI
c 0m2ω4
, S± =
|t±|2
1/(ωτ)2 + (1∓ ωc/ω)2 .
Here I = Pinc/Sill is the radiation intensity which is estimated as the incident radiation power, Pinc, divided by the
illuminated area of the sample, Sill = 50 mm
2, given by the area of the aperture. The factor η includes contributions
of the displacement and inelastic mechanisms of MIRO, and is expected to be dominated by the inelastic contribution
if ηin ≈ 2pi~3n/m∗τ(kBT )2 takes values much larger than unity [2]. In our case calculation gives ηin ' 20, so one may
conclude that MIRO is governed by the inelastic mechanism, η ≈ ηin. In the main text, we combine the three factors
entering Eq. (S1) as Aω = 2piηPS±. Using Eq. (S1) for fitting MIRO, we obtain the only unknown parameter – the
incident power Pinc. The resulting values of Pinc, given in Table S1, are consistent with the nominal power of our
radiation sources.
9S7. SUMMARY OF FITTING PROCEDURE AND TABLE OF SAMPLE PARAMETERS
Below we review the procedure used to determine all possible sample parameters in equations (1)-(4) of the main text
from independent measurements, thus reducing the number of free fitting parameters. The remaining free parameters
can be independently and reliably determined from distinct features of the measured magnetotransmittance. The
values of obtained parameters are summarized in Table S1.
1. The Fabry-Pe´rot interference parameters s1 and s2 from Eq. (1) of the main text require knowledge of the sample
thickness d = 406µm, measured by a micrometer, and of the dielectric constant of the substrate,  = 12.06,
which is obtained from the period of the Fabry-Pe´rot interference in the frequency dependence of transmittance
measured at zero magnetic field, see Fig. S1. The same dependence gives the factor Ksw for a given measurement
frequency (see Sec. S1 for details).
2. The electron density n and mobility µ of the 2DES entering the Drude formula, Eq. (2) of the main text, are
determined from the dc magnetotransport measurements (see Sec. S4 for details).
3. Taking into account the sign-alternating character and small amplitude of observed magnetooscillations in
transmittance, the measured dependences |t|2(B) for different radiation frequencies f are first fitted using
Eqs. (1) and (2), i.e., neglecting the oscillatory correction introduced in Eq. (3). With other parameters entering
Eqs. (1) and (2) being fixed as described above, the only remaining fitting parameter at this step is the cyclotron
mass, mCR, which defines the position BCR = 2pifmCR/e of the CR in Eq. (2).
4. Reciprocal magnetic fields that correspond to the extrema of transmittance oscillations (see, e.g., insets of
Fig. S2 (b) and S3 (b) for 328 and 432 GHz, respectively) are plotted against their sequential number. The
slope of the obtained linear dependence gives the value of the effective electron mass m entering ωc = eB/m
in Eqs. (3) and (4). As expected, the obtained value of m is different from mCR, which can be attributed to
the Fermi-liquid renormalization by electron-electron interactions [see comparison of BCR = 2pifmCR/e and
BF = 2pifm/e in Fig. S6 (b)]. It is important to mention that we observe a large number of oscillation periods
both in the transmittance and in dc resistance which enables an accurate determination of the period and phase
of oscillations. The analysis shows that the observed oscillations accurately reproduce Eqs. (3) and (4) which
predict |t|2 ∝ cos(2piBF/B) and δR ∝ − sin(2piBF/B), with no noticeable deviations between the values of m
extracted from the period of MIRO and from the transmittance oscillations.
5. The amplitude and low-B decay of the transmittance oscillations are fitted using the remaining free parameter,
the quantum mobility µq. As expected, the obtained value is about one order of magnitude lower than the
transport mobility, and also reasonably well describes the low-B decay of MIRO. A more careful analysis shows,
however, that the decay of MIRO can be better described with a somewhat lower value of µq, see Sec. S8.
6. Everywhere apart from Sec. S8, the parameters determined above are also used for fitting MIRO. Here the only
remaining free parameter is the incident radiation power, Pinc, which is used to fit the amplitude of MIRO, see
also Secs. S6 and S3. The resulting values of Pinc, see Table S1, are consistent with the nominal power of our
radiation sources.
TABLE S1. Parameters of the sample determined from the experiment. Fixed parameters were the sample thickness d = 406µm,
temperature T = 1.9 K, and the illuminated area Sill = 50 mm
2.
f  mCR m n µ µq Pinc
222 GHza 12.06 0.0725 m0 0.0675 m0 6.6×1011 cm−2 2.1×106 cm2/Vs 0.23×106 cm2/Vs 0.2 mW
222 GHz 12.06 0.072 m0 0.068 m0 5.9×1011 cm−2 1.8×106 cm2/Vs 0.17×106 cm2/Vs 0.2 mW
328 GHz 12.06 0.072 m0 0.068 m0 5.9×1011 cm−2 1.8×106 cm2/Vs 0.15×106 cm2/Vs 0.02 mW
432 GHz 12.06 0.072 m0 0.068 m0 5.9×1011 cm−2 1.8×106 cm2/Vs 0.2×106 cm2/Vs -
a First line represents the data presented in the main text, in Fig. S4, and in Fig. S8, in which cases the sample was illuminated by
room light before measurements. All other data were obtained without such illumination.
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S8. LOW-B DECAY OF TRANSMITTANCE OSCILLATIONS AND MIRO
The procedure described in Sec. S7 allowed us to determine all sample parameters one by one in a well-defined
sequential order, thus avoiding unreliable multi-parameter fitting. In final steps of this procedure, we first determined
the quantum mobility µq from the transmittance oscillations, and then used the resulting value for modelling MIRO
(where the only remaining fitting parameter was the common constant factor, proportional to the microwave power).
Comparison of the experimental traces for transmittance and MIRO (black lines in Fig. S8 and in Fig. 1 of the main
text) and the resulting theoretical fits (red lines) with µq = 0.23× 106 cm2/Vs demonstrates a precise agreement for
the transmittance, but also reveals a noticeable underestimation of the experimental MIRO damping, most evident
for high harmonics of MIRO in Fig. S8 (d).
Here we present the results of an alternative analysis (cyan lines) where µq = 0.135×106 cm2/Vs is rather determined
from the low-B decay of MIRO as it is conventionally done when no results for the transmittance oscillations are
available. With such lower µq, MIRO can be perfectly fitted in the whole range of B including higher harmonics,
but the modelled transmittance oscillations both decay much faster than in experiment and become much smaller in
magnitude (by a factor of three at B ∼ 0.2 T). In order to make oscillations in transmittance visible in Fig. S8 (b),
for the cyan fit we arbitrarily used a three times smaller value µ = 0.7× 106 cm2/Vs of the transport mobility, which
makes the magnitude of oscillations in transmission similar to that observed in experiment. The comparison of the
red and cyan curves also nicely demonstrates how small the influence of the dissipative part of conductivity on the
shape of transmission is, even for samples with a moderately high mobility around 106 cm2/Vs.
The comparison presented in Fig. S8 shows that despite overall good agreement between theory and experiment, the
deviations between the low-B decay of transmittance oscillations and MIRO are present, and can hardly be attributed
solely to an incorrect choice of the fitting parameters. It would be interesting to check whether this inconsistency
remains for other samples and conditions and to clarify the physical origin of the discrepancy.
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FIG. S8. Black symbols: Magnetic field dependences of transmittance |t+|2 [panels (a) and (b)] and of the photoresistance
δR−〈δR〉 [with subtracted smooth background 〈δR〉, panels (c) and (d)] measured at frequency f = 222 GHz and for right-hand
polarization. Red and cyan lines: Fits according to Eq. (1) – (3) of the main text for the transmittance and to Eq. (4) for the
photoresistance. Experimental data and red fits are the same as in Fig. 1 of the main text. The red fits are calculated using
µ = 2.1×106 cm2/Vs and µq = 0.23×106 cm2/Vs, while the cyan fits – using µ = 0.7×106 cm2/Vs and µq = 0.135×106 cm2/Vs.
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S9. CONDITIONS FOR OBSERVATION OF QUANTUM TRANSMITTANCE OSCILLATIONS
Below we discuss and illustrate the conditions relevant for observation of the quantum transmittance oscillations
in high-mobility 2DES, characterized by a large parameter ωτ ≡ µBCR  1 with τ being the transport scattering
time. For simplicity, here we assume the ideal case of Ksw = 1, and first consider the simplest case of constructive
Fabry-Pe´rot interference, which is realized for integer kd/pi leading to s1 = s2 = ±1, so that the substrate becomes
transparent for normally incident radiation at the corresponding frequency ω/2pi. The magnetotransmittance |t+|2,
given by Eq. (1) of the main text, is then fully determined by the dynamic conductivity σ+ of 2DES,
|t+|2 = 1|1 + σ+Z0/2|2 . (S2)
In turn, the dynamic conductivity can be represented as a series expansion,
σ+ =
ne2
mω˜
(
i+
R1
ω˜τ
+
iR2
(ω˜τ)2
+ . . .
)
, ω˜ ≡ ω − ωc  1/τ. (S3)
In the region of magnetic fields relevant for the transmittance oscillations the expansion parameter ω˜τ  1, and the
overall shape of transmission |t+|2 is dominated by the classical dynamical response of a disspationless 2DES as given
by the first imaginary term in Eq. (S3). The leading quantum corrections due to Landau quantization appear in the
next-leading dissipative term given by [3]
R1 =
∫
dε
f(ε)− f(ε+ ~ω)
ω
ν˜(ε)ν˜(ε+ ω) = 1− 4δ XT
sinhXT
ωc
2piω
sin
2piω
ωc
cos
2piεF
~ωc
+ 2δ2 cos
2piω
ωc
. (S4)
The integral over kinetic energies ε above represents the statistical average of contributions of all possible impurity
scattering processes involving emission or absorption of a photon with energy ~ω. Function f(ε) represents the
thermal Fermi-Dirac distribution of electrons around the chemical potential εF. The probability of such emission
and absorption processes is proportional to the product of initial and final density of states (DoS), which results in
quantum oscillations reflecting the energy modulation of the normalized DoS, ν˜(ε) ≡ ν(ε)/ν0 ' 1− 2δ cos(2piε/~ωc).
Here ν0 denotes the constant density of states at B = 0, and the Dingle factor δ = exp(−pi/µq|B|) is assumed to be
small, reflecting the onset of Landau quantization corresponding to the limit of strongly overlapping Landau levels.
The straightforward calculation then yields R1 as a sum of the classical Drude value R1 = 1, the dynamical analog of
the Shubnikov – de Haas oscillations which exponentially decays at high T where XT = 2pi
2kBT/~ωc  1, and the
second-order term ∝ δ2 that survives at high T similar to MIRO and overcomes the first-order term at |B| < BCR in
conditions of our experiments.
While quantum effects in Eq. (S4) become well pronounced at µq|B| ∼ 1 (we estimate 2δ2 ∼ 0.5 at |B| = 0.2 T for
data shown in Fig. 1 and modelled below), their detection in the transmittance remains a challenging task owing to the
large value of ωτ . This is illustrated in Fig. S9 (a), where the magnetotransmission calculated according to Eq. (S2)
– (S4) is shown for µ = 2.1 × 106 cm2/Vs (black line) and µ = 0.2 × 106 cm2/Vs (green line). The other parameters
including the frequency f = 222 GHz, density n = 6.6 × 1011 cm−2, temperature T = 1.9 K, and quantum mobility
µq = 0.2 × 106 cm2/Vs are fixed at values corresponding to those in Fig. 1 of the main text. While the green, low-
mobility curve (ωτ ' 12) shows prominent quantum oscillations (dominated by the last term in Eq. (S4) at |B| < BCR
and by the preceding Shubnikov – de Haas term at |B| > BCR), in the black curve, corresponding to the parameters
of our sample (ωτ ' 120), these oscillations become strongly suppressed and are barely visible. Large typical values
of ωτ explain why no magnetooscillations in transmittance were reported previously for ulta-high-mobility samples,
such as one with µ = 18× 106 cm2/Vs (ωτ ∼ 1000) studied in Ref. 4.
The observation of small oscillations on top of smooth but rapidly changing background in samples with moderately
high mobility, see black curve in Fig. S9 (a), is still a technically nontrivial task. We have found that an opportunity
to control the phase of Fabry-Pe´rot interference by a proper choice of the radiation frequency helps to overcome this
difficulty. The influence of the interference phase is illustrated in the right panel of Fig. S9. Here the black curve,
calculated using Eq. (S2) for the case of constructive interference, is the same as in the left panel. The red curve
reproduces the modelled transmission in Fig. 1 of the main text, which is calculated using the general expression (1)
of the main text with Ksw = 1. Here, the interference parameter kd = 2.085pi is obtained for the actual sample
thickness d = 406µm and for the chosen radiation frequency f = 222 GHz. This choice leads to appearance of an
almost flat region in the background transmission signal that improves the visibility of magnetooscillations.
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FIG. S9. Calculated magnetic field dependences of transmittance |t+|2(B) that demonstrate the influence of mobility (a)
and interference phase (b) on the visibility of quantum oscillations. The red line in panel (b) reproduces the fit to measured
transmittance signal in Fig. 1 of the main text. The black line in both panels is calculated using the same parameters, apart
from the interference phase which is set to integer kd/pi to match the condition of constructive Fabry-Pe´rot interference.
The asymmetric shape of the transmittance helps to resolve quantum oscillations on top of an almost flat shoulder around
B = 0. The green line in panel (a) demonstrates the emergence of more pronounced quantum oscillations in a system with
approximately ten times lower mobility.
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